AND CONCLUSIONS
1. The neuronal mechanisms underlying the major motor signs of Parkinson's disease were studied in the basal ganglia of parkinsonian monkeys. Three African green monkeys were systemically treated with 1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) until parkinsonian signs, including akinesia, rigidity, and a prominent 4-to ~-HZ tremor, appeared. The activity of neurons in the subthalamic nucleus (STN) and in the internal segment of the globus pallidus (GPi) was recorded before (STN, n = 220 cells; GPi, y2 = 175 cells) and after MPTP treatment (STN, n = 326 cells; GPi, y1 = 154 cells).
2. In STN the spontaneous firing rate was significantly increased from 19 t_ 10 (SD) spikes/s before to 26 t_ 15 spikes/s after MPTP treatment. Division of STN neurons recorded after MPTP treatment into cells with rhythmic bursts of discharge occurring at 4-8 Hz (as defined by autocorrelation analysis) and neurons without 4-to ~-HZ periodic activity revealed an even more prominent increase in the firing rate of the 4-to ~-HZ oscillatory neurons.
3. In GPi overall changes in the average firing rate of cells were inconsistent between different animals and behavioral states. However, the average firing rate of the subpopulation of neurons with 4-to ~-HZ periodic oscillatory activity after treatment with MPTP was significantly increased over that of all neurons before MPTP treatment (from 53 to 76 spikes/s, averaged across monkeys).
4. In the normal state the percentage of neurons with burst discharges (as defined by autocorrelation analysis) was 69% and 78% in STN and GPi, respectively. After MPTP treatment the percentage of cells that discharged in bursts was increased to 79% and 89%, respectively. At the same time the average burst duration decreased (from 12 1 t 98 to 8 1 t 99 ms in STN and from 2 13 t 120 to 146 t 134 ms in GPi) with no significant change in the average number of spikes per burst.
5. Periodic oscillatory neuronal activity at low frequency, highly correlated with tremor, was detected in a large number of cells in STN and GPi after MPTP treatment (average oscillation frequency 6.0 and 5.1 Hz, respectively). The autocorrelograms of spike trains of these neurons confirm that the periodic oscillatory activity was very stable. The percentage of cells with 4-to ~-HZ periodic activity significantly increased from 2% to 16% in STN and from 0.6% to 25% in GPi with the MPTP treatment.
6. Neurons discharging with periodic bursts at frequencies between 8 and 20 Hz (average 14.4 Hz in STN and 10.5 Hz in GPi) were also detected more often after MPTP. The autocorrelograms of these neurons showed a high degree of dampening. The percentage of neurons with 8-to 20-Hz oscillations significantly increased from 0.7% to 10% in STN and from 0.6% to 12% in GPi after MPTP treatment.
7. The average magnitude and duration of phasic responses (increases and decrease in firing rate) to the application of flexion and extension torque pulses to the elbow tended to be increased after MPTP treatment in both STN and GPi.
The duration
of extracellularly recorded action potentials significantly increased with the MPTP treatment (from 0.67 t 0.1 to 0.81 t_ 0.2 ms in STN and from 0.73 t_ 0.1 to 0.8 t 0.1 ms in GPi).
9. Tyrosine hydroxylase immunohistochemistry revealed that the striatum as well as STN and GPi of the MPTP-treated monkeys were virtually devoid of dopaminergic terminals. 10. These results support a model in which dopaminergic denervation of the basal ganglia (possibly including extrastriatal sites) leads to increased tonic and phasic activity in STN and GPi. Increased inhibition of thalamocortical neurons by GPi output may eventually result in akinesia and rigidity, whereas periodic oscillatory activity in the cortico-STN-GPi-thalamic circuitry is possibly involved in the development of parkinsonian tremor.
INTRODUCTION
Parkinson's disease is characterized by akinesia, rigidity, and tremor at rest at a frequency of 4-8 Hz. The pathological hallmark of this disease is the destruction of dopaminergic nigrostriatal neurons, leading to a decrease in the striatal dopamine content (for instance, Hornykiewicz and Kish 1987) . Primates treated with the neurotoxin 1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) develop motor behavioral and pathological changes that are very similar to Parkinson's disease (Burns et al. 1983; Jenner et al. 1986; Langston et al. 1984 ). However, low-frequency parkinsonian tremor is a rather infrequent sign in most primates other than African green monkeys (Bergman et al. 1990; Redmond et al. 1985) .
Studies of the neuronal activity in the basal ganglia of MPTP-treated macaques have largely concentrated on changes in "tonic" discharge, i.e., changes of the average firing rates in these structures (Filion and Tremblay 199 1; Miller and DeLong 1987 ) , and the changes in the "phasic" responses to peripheral inputs (Filion et al. 1988; Miller and DeLong 1987) . In these studies the average firing rate of neurons in the internal segment of the globus pallidus (GPi) was increased, whereas the firing rate in the external segment of the globus pallidus (GPe) was decreased. Responses of pallidal neurons to limb perturbation were more frequent and were increased in magnitude and duration. From these electrophysiological and additional metabolic (Mitchell et al. 1989 ) and histochemical (Gerfen et al. 1990 ) studies a model has been developed (Albin et al. 1989; Bergman et al. 1990; in which the "direct" and the "indirect" pathway between the striatum and GPi ( Wichmann et al. 1994a) are differentially affected by the loss of dopamine: the direct pathway becomes un-deractive, whereas the projection to GPe, the first portion of the indirect pathway, becomes overactive, leading to reduced activity along the inhibitory GPe-GPi and GPesubthalamic nucleus (STN) pathways. The changes in the direct pathway and in the two branches of the indirect pathway eventually result in overactivity of GPi and its inhibitory projection to the ventrolateral thalamus (VL). According to this model the neuronal activity in STN in parkinsonism is released from the normal tonic inhibition from GPe. The resulting increased activity of STN may play a pivotal role in the generation of parkinsonism, because akinesia, rigidity, and tremor are ameliorated by lesions ( Aziz et al. 199 1, 1992; Bergman et al. 1990; Guridi et al. 1993) , depolarization block (Benabid et al. 1993; Benazzouz et al. 1993) , or pharmacological blockade (Baron et al. 1992; Signore et al. 1993; Wichmann et al. 1990a Wichmann et al. , 1994b of STN.
As yet the neuronal activity in STN in MPTP-treated monkeys has not been studied in detail. The only previous study cf the neuronal activity in STN of such monkeys examined a rather small number of cells and lacked direct control data from the same animals (Miller and DeLong 1987) . The first major aim of the present study was therefore to test more thoroughly the prediction that the tonic firing rate in STN is increased after MPTP treatment.
Although the tonic changes in discharge in the basal ganglia of parkinsonian primates serve at least partially to explain akinesia, bradykinesia, and rigidity, they fail to directly explain tremor. Previous studies attributed tremor in Parkinson's disease to changes in firing of the olivocerebellopontine system, as demonstrated in primates with midbrain lesions with or without the injection of the tremorogenie drug harmaline (DeMontigny and Lamarre 1973; Llinas and Volkind 1973) , or to tremor-related rhythmic discharges in VL nucleus. Regarding the latter hypothesis it has been proposed that increased tonic inhibition of VL by GPi output predisposes VL neurons to develop overt oscillatory firing (Jahnsen and Llinas 1984a,b) . In MPTPtreated macaques, oscillatory activity in the 12-to 14-Hz range in GPi neurons has been reported by several authors (Filion and Tremblay 199 1; Miller and DeLong 1987) . However, this was an inconsistent finding, and the rhythmic neuronal bursts were generally not accompanied by tremor. Recently a mechanism has been proposed (Pare et al. 1990 ) that would translate the periodic oscillatory firing at 12-14 Hz into the 3-to ~-HZ burst discharges that have been observed during thalamotomy in parkinsonian patients (Lenz et al. 1988; Ohye et al. 1989) .
The relevance of these studies to the understanding of parkinsonian tremor in humans is limited because the animal models used generally lack the pathological and clinical features of the human disease. The recently described African green monkey model of MPTP-induced parkinsonism appears to replicate the human disease more closely than previous models. These primates develop a prominent 3-to ~-HZ tremor (Bergman et al. 1990; Redmond et al. 1985 ) , which is similar to that in parkinsonian individuals. A second major aim of the present study was therefore to explore the phasic neuronal activity in STN in MPTPtreated animals of this species.
The STN is the major source of excitatory input to GPi, probably exerting a strong influence on the activity of this nucleus (Hamada and DeLong 1992; Hazrati and Parent 1992; Kitai and Kita 1987) . To investigate the effects that altered activity of STN neurons may have on basal ganglia output, and as a baseline for data obtained after lesioning of STN (Wichmann et al. 1994b) , the third aim of these experiments was to study the tonic and phasic activity of GPi neurons.
Parts of this study have been reported in abstract form (Bergman et al. 1992; Wichmann et al. 1990b ).
METHODS
Methods that have been described in detail in the companion paper (Wichmann et al. 1994a) or elsewhere (Bergman et al. 1990 ) will be described only briefly here.
Animals and behavioral conditioning
The same three juvenile African green monkeys (rnonk~ys A-C; Cercopithecus aethiops aethiops, weight 3-5 kg) that were used in the previous report (Wichmann et al. 1994a) were also used for the current study. The monkeys were trained in a step tracking and a torque holding task and then were treated systemically with MPTP (see below).
Recordings from the basal ganglia were carried out using a parasagittal approach before (Wichmann et al. 1994a ) and after MPTP treatment (this report). All experiments were carried out in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals.
Recording and data acquisition
Spontaneous and task-related neuronal discharge was recorded from STN and GPi with conventional electrophysiological methods (as described in Wichmann et al. 1994a ). Because after the MPTP treatment the monkeys would no longer perform the step tracking movement in the behavioral task and would not cooperate for an adequate somatosensory examination, this report will focus on the spontaneous activity of neurons as well as on changes in discharge induced by the application of elbow torque pulses. Tremor amplitude was measured with an accelerometer (Entran Devices, Fairield, NJ) attached to the wrist of the monkeys. The output from the accelerometer was amplified, low-pass filtered (O-50 Hz), and digitally sampled and stored for off-line power spectral and cross-correlation analysis.
MPTP treatment
The monkeys were treated systemically with MPTP hydrochloride, (Aldrich, Milwaukee, WI; 0.3-0.4 mg/kg, im) for a total of 9-13 injections over a course of 5-l 5 days. Each monkey was treated with MPTP until it exhibited moderate to severe parkinsonian signs. The total amount of MPTP given to each monkey differed slightly (monke-v A: 3.4 mg/kg; monkey B: 3.9 mg/kg; monkey C: 3.2 mg/kg). During the entire time between the MPTP treatment and the end of the recording sessions, careful observation failed to reveal any signs of recovery.
Data analysis
To calculate overall waveforms of action potentials, averages of 256 consecutive spikes from each cell sampled at 20 kHz with 25 sampling points per spike were computed. The signal-to-noise ratio of each cell was calculated as the sum of squares of the means divided by the sum of the variances of all sampling points. The polarity of the initial wave of the spike, the duration from the beginning of the spike to negative and positive peaks, and the duration to zero crossing points were computed. Spike duration was defined as the time from the beginning of a spike to the second crossing of the zero line. Only spikes with an initially negative wave and a signal-to-noise ratio >5 were included in the analysis.
The spontaneous firing rate of neurons was calculated during the pretorque period of the torque task (while the monkey was required to keep the manipulandum within a 1 So window around the center). Average firing rates were calculated for each individual monkey, for STN and GPi, and for before and after MPTP treatment. Two-tailed t tests were used to test the significance of differences between monkeys in the same state and for individual monkeys before and after MPTP. Data were pooled for all neurons only if no significant difference (P > 0.05) between monkeys was found. Relative MPTP-induced changes of the firing rate were calculated for each animal and averaged for all monkeys.
The firing patterns and correlations of neurons were calculated during quiet wakefulness in the primate chair between blocks of trials ("quiet sitting" period). Time interval histograms (TIH), logarithmic TIH ( LgTIH), and autocorrelation and cross-correlation functions were calculated for lag times of 500 (resolution 1 ms) and 2,500 ms (resolution 5 ms) for all neurons and for all simultaneously recorded pairs of neurons with acceptable isolation and discrimination quality, as described in the companion paper (Wichmann et al. 1994a ). The histograms were smoothed by convolution with a normal curve with variable width (Gaussian moving average). This procedure minimizes the distortion of the histograms in both the time and the frequency domain (Abeles 1982) . A normal curve is fitted to the LgTIH and the fit to data, the modal (most common) interval, and the geometric standard deviation of the curve (the degree of scatter around the modal interval) were calculated (Bums and Webb 1976; Paisley and Summerlee 1984) . Confidence lines (0.5% and 99.5%, Abeles 1982) for the auto-and cross-correlation functions were computed with the (null) assumption that the number of spikes in any bin of the histogram should fit an independent Poisson distribution (e.g., random firing pattern). Nonrandom discharge of individual cells, or nonindependent firing of pairs of neurons, was assumed if bins in the correlograms were found outside the confidence limits.
A feature-extracting program was used to detect and quantify features in the correlograms that signified nonrandom discharge in individual neurons or nonindependent discharge in pairs of simultaneously recorded cells (P < 0.0 1). Autocorrelograms were classified ( see below) as describing a Poisson process, a burst discharge ( 1 initial peak), or periodic oscillatory functions (equally distant multiple peaks). The same algorithm was used to detect and grade periodic oscillatory activity on a scale of 0-10, using the jitter of the interpeak intervals (maximally 15% to be considered oscillatory), the number of significant peaks in the studied functions ( 22 equidistant peaks to be considered oscillatory), the modulation depths ( oscillation amplitude/ average firing rate), and the smoothness of the studied function (see details in Karmon and Bergman 1993) . Grade 5 was arbitrarily selected as the minimal grade for the detection of periodic oscillations. If periodic oscillatory activity was detected in the autocorrelograms, the peaks in the TIHs were compared with the oscillation frequency. The grades of oscillatory qualities and the main parameters of periodic activity (e.g., oscillation frequency, number of periodic cycles, and modulation depth) were stored for later analysis. For correlograms with one peak (e.g., autocorrelograms of neurons with burst discharge) the duration and area of the peak ( Abeles 1982 ) was calculated and stored in a data base file. Differences in the proportions of cells in different categories in the normal and in the MPTP-treated state were statistically evaluated by x2 tests.
Neuronal responses to elbow torque pulses were analyzed as described in Wichmann et al. ( 1994a) . Briefly, the interspike interval data were used to calculate average and SD of discharge rates across trials for the pre-and posttorque epochs. A given cell was classified as responding to the torque pulse if its discharge rate deviated at any time during the posttorque epoch by >2.5 SD from the mean discharge rate of the pretorque epoch for >20 ms. Amplitudes and durations of responses were calculated using the onset and offset times of the responses and the average firing rate during the pretorque epoch. Only nonoscillatory cells were included in the analysis of neuronal responses to torque pulses, because strong spontaneous oscillations of the neuronal activity prevented a reliable study of torque-related neuronal responses. 25.4 + 13.6 (56) Values are means + SD, with number of neurons in parentheses. Oscillatory neurons and oscillation are defined by a feature-extracting algorithm (see
Data collected during the pretorque epoch of the behavioral task. STN, subthalamic nucleus; MPTP, 1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine. * P < 0.0 1; ** P < 0.05; significant difference from the before MPTP value (2-tailed t test). Values are means + SD, with number of neurons in parentheses. Oscillatory neurons and oscillation are defined by a feature-extracting algorithm (see
Because the number of neurons recorded in GPi of monkey B after treatment with MPTP is small, the data obtained from this monkey and marked "NA" are not further broken down. GPi, internal segment of globus pallidus. For other abbreviations, see Table 1 . * P < 0.01; ** P -c 0.05; significant difference from the before MPTP value (2-tailed t test).
RESULTS

Data base
As in the companion paper (Wichmann et al. 1994a ), the data base contained different sets of neurons for different parts of the study. Three hemispheres were sampled by 94 penetrations in the normal state, whereas four hemispheres were sampled in 79 penetrations in the post-MPTP period.
Overall, 220 STN cells from the control state and 294 in the post-MPTP period were used for the study of neuronal responses to the application of elbow torque pulses. Firing pattern analysis was carried out in 291 neurons in the normal state and 326 STN neurons from the post-MPTP phase of the experiments. Cross-correlation analysis was carried out for 72 pairs of cells in STN recorded simultaneously with a single electrode in the normal state and 25 neuronal pairs similarly recorded in the post-MPTP state.
In GPi 120 cells from the normal stage and 108 neurons from the post-MPTP stage were used for the study of neuronal responses to the application of torque pulses. Firing pattern analysis was carried out in 175 neurons in the normal state and 154 cells in the post-MPTP state. Cross-correlation analysis was carried out for 18 pairs of GPi neurons in the normal state and 8 pairs recorded in the post-MPTP state.
Behavioral eflect of MPTP treatment and most prominent sign of parkinsonism. During the course of injections and the first few days thereafter, the monkeys became more and more akinetic, until they were eventually unable to feed or groom themselves. Several days after the development of akinesia, rigidity and tremor were detected. Low-frequency tremor occurred usually during postural adjustments or states of increased arousal of the monkeys. The amplitude of tremor was often increased just before the onset of movements, but tremor was not observed during movements. Only in a few instances, elbow torque pulses (0.1 Nm, 60 ms) were effective in resetting the tremor. In the power spectra of accelerometer recordings of tremor, the fundamental frequency was always <8 Hz (see Bergman et al. 1990 and Fig. 4C ).
The parkinsonian symptoms of all three monkeys were stable for the entire recording period (30, 17, and 27 days, respectively, after the MPTP treatment). Monkey C, the most severely affected monkey, died unexpectedly, whereas the remaining two monkeys were used for the third part of this series (Wichmann et al. 1994b ).
Waveform of extracellularly recorded action potentials
The waveforms of extracellularly recorded action potentials (spikes) in STN and GPi had an initial negative wave followed by a smaller positive deflection. Neurons with initial positive spikes, representing -10% of recorded spikes, were not included in the analysis.
In both structures the negative peak tended to be larger The chronic effects of the MPTP treatment have already than the positive peak. The spike duration was 670 t 100 been described in detail (Bergman et al. 1990 ). Briefly, (SD) ps in STN (n = 72) and 730 t 130 ps in GPi (n = after three to eight injections akinesia developed as the first 132). This difference mainly reflected a longer duration of increased (P < 0.0 1, 2-tailed t test) after MPTP treatment compared with controls (Fig. 1) . No significant changes (P > 0.05 ) were found between monkeys (Table 1) . The average firing rate in the normal state during the pretorque period was 18.8 t 10.3 spikes/s (mean t SD, n = 220) and 25.8 t 14.9 spikes/s (n = 294) after MPTP treatment. When 4-to ~-HZ oscillatory cells (see below) from the post-MPTP phase of the experiment were analyzed separately, these cells were found to have a much higher discharge rate than all other cells (Table 1) analyzed separately, however, a more consistent increase in grades the average discharge rates of the oscillatory cells in GPi after MPTP treatment emerged (from 53 to 76 spikes/s, averaged across monkeys; Table 2 ).
Spontaneous activity-periodic oscillations STN. There were significant changes after MPTP treatment in the firing pattern, most notably the appearance of periodic oscillatory activity. In the normal state very few STN neurons demonstrated periodic oscillatory activity, and if they did, then this activity was relatively weak (grades ~6; Table 3 , Fig. 2A before MPTP, n = 88; after MPTP, n = 154). The oscillation grades were calculated using a multifactorial system (see METHODS) in which grades l-5 describe minimal oscillatory activity. Grades 6-10 describe overt periodic oscillatory activity with increased strength and synchronicity. Only neurons with oscillation grades >5 were designated as neurons with periodic oscillatory activity in this study.
the positive wave in GPi neurons. The average duration of the initial negative wave in STN was 280 t 40 ps, whereas the average duration in GPi was 290 t 50 ps.
After the MPTP treatment there was no significant change in the amplitude ratio between positive and negative waves. The spike duration, however, was significantly (P < 0.00 1, t test) increased in STN to 8 10 t 170 ps (n = 54) and in GPi to 800 t 120 pus (n = 75) after MPTP treatment. In both structures this increase equally affected the duration of negative and positive wave components. 3A, 4, and 5A). The average frequency of oscillations of these neurons was 6.0 t 0.93 Hz and the burst duration was 45 t 23 ms. The rhythmic neuronal activity was highly correlated with tremor when it was present, but it often appeared even without obvious tremor (Fig. 4) . Synchronized oscillatory activity of recorded cells and of the background noise often seemed to increase immediately before the appearance of tremor.
Another 10.4% of STN cells showed periodic oscillatory activity at higher frequencies ( Figs. 3C and 5A, Table 3 ) , with an average frequency of 14.4 t 2.8 Hz. In contrast to the stable 4-to ~-HZ oscillations, autocorrelograms of these higher-frequency oscillators showed dampened oscillatory waves (Fig. 3C ). In neurons with periodic oscillations of 4-8 Hz the average number of significant peaks in the autocorrelogram was 8.6 t 3.7, whereas it was 4.8 t 1.5 in neurons with oscillatory activity at 8-20 Hz.
The LgTIH of 2 1 of 89 (23.6%) of the oscillatory neurons in STN showed a second peak corresponding to the interburst interval (Fig. 6, B and C) . Few cells showed an additional third peak ( Fig. 6 D) ; however, the relationship of this peak to the oscillation frequency (as determined from the autocorrelograms) was not consistent.
Cells with oscillatory activity were evenly distributed throughout the entire STN, although they were most often found in its dorsolateral planes (Fig. 7) . GPi. In the normal state only 5% of cells in GPi demonstrated oscillatory activity, most of them with an oscillation frequency >20 Hz (Table 3) 24.2%) of the oscillating neurons showed a second peak in the TIH, but only two (3.2%) showed a third peak. As in STN, oscillatory cells in GPi were evenly distributed over the entire area of GPi.
Spontaneous activity-nonperiodic burst patterns STN. Many of STN cells that did not display periodic oscilParticularly during phases of tremor, it was evident that latory activity still developed an increased tendency to fire many of the neurons recorded as background activity in bursts after the MPTP treatment. In the normal state 197 seemed to discharge with synchronized ~-HZ bursts. Howof 29 1 ( 68.7% ) of the autocorrelograms of the cells indiever, we were unable to record pairs of ~-HZ oscillators with cated a tendency to discharge in bursts, whereas after sufficient quality to perform cross-correlation analysis of MPTP treatment the firing pattern of 258 of 326 (79.2%) these cells. On theoretical grounds it is difficult to separate neurons showed this tendency. The average burst duration the activity of neighboring cells when they discharge in a was significantly reduced from 120.6 t 98.5 ms (n = 182) tightly synchronized manner (Bergman and DeLong before to 80.7 t 99.2 ms (n = 157) after MPTP treatment 1992).
(P c 0.0 1,2-tailed t test). The average number of spikes per burst, as calculated from the average area of the initial peak in the autocorrelograms ( Abeles 1982 In both the normal and the post-MPTP state, torqueinduced phasic increases in discharge of STN cells were of higher magnitude (Fig. 8A ) and shorter duration (Fig. 8 B) than phasic decreases in discharge. After MPTP there was a trend toward increased duration and magnitude of neuronal response to torque application (Fig. 8, A and B) , which individually were not statistically significant but led to a significant (P < 0.0 1, x * test) increase of the total number of spikes per response (response duration X magnitude; Fig. 8, Cand 0) . GPi. In contrast to the marked differences in the magnitude between phasic increases and decreases in discharge of STN cells in response to elbow torque pulses, neuronal responses of GPi cells were more symmetric (Fig. 9A) . The changes of neuronal responses after MPTP treatment were similar to those reported for STN cells (Fig. 9) .
Cross-correlation studies STN. Only a small number of pairs of STN neurons were recorded with sufficient quality to allow for cross-correlation analysis. It appeared, however, that the synchronization of neuronal activity between STN cells was not significantly changed by the MPTP treatment. Cross-correlograms of 3 of 25 ( 12% ) of simultaneously recorded neurons after MPTP treatment indicated synchronous activity (double-sided peak in the cross-correlation function), whereas in the normal state 11.1% of the recorded pairs had synchronized activity (Wichmann et al. 1994a The cross-correlation functions of simultaneously recorded GPi neurons, computed for 18 pairs of neurons before and 8 pairs of neurons after MPTP, were always indicative of independent firing. The post-MPTP sample may be biased, however, because none of the 16 neurons that could be included in this analysis demonstrated oscillatory activity.
Tyrosine hydroxylase immunohistochemistry
Sections of the brains of two monkeys (monkeys A and B) were stained for tyrosine hydroxylase (TH). In the midbrain there were only very few dopaminergic cells in the substantia nigra pars compacta, whereas a considerable number of TH-positive cells persisted in the ventral tegmental area. The striatum, pallidum, and STN were devoid of TH-positive terminals.
DISCUSSION
Current models of the pathophysiology of parkinsonism emphasize changes of the overall activity in the indirect pathway (Albin et al. 1989; ). These models are based on electrophysiological and metabolic studies in macaques (Filion and Tremblay 199 1; Filion et al. 1988; Miller and DeLong 1987; Mitchell et al. 1989 ) that provide evidence that striatal dopamine loss results in a reduction of tonic neuronal activity in GPe, leading to disinhibition of STN and subsequently to excessive subthalamopallidal drive. This study confirms that there are significant increases in the tonic discharge rate and in phasic responses to passive movements in STN of MPTP-treated monkeys. Furthermore, it demonstrates the emergence of periodic burst discharges in STN and GPi neurons in African green monkeys after treatment with MPTP, which may be relevant for the development of tremor in this primate species and in humans with Parkinson's disease. A: cell with periodic burst at 5.3 Hz (grade = 8) with a single peak in the TIH, corresponding to intraburst firing interval. B: cell having periodic bursts at 5.6
Hz (grade = 9), with 2 peaks at the TIH and logarithmic TIH functions. C: cell with periodic bursts at 15.6 Hz (grade = 8) with 2 peaks at the TIH and logarithmic TIH functions. D: neuron with periodic bursts at 5.3 Hz (grade = 10) with 3 peaks in the logarithmic TIH.
Species characteristics of African green monkeys
Species differences between macaques and African green monkeys were already described in the first paper of this series (Wichmann et al. 1994a ). In the normal state the average firing rate of neurons in GPi is much lower in green monkeys (60 spikes/s; total average of all cells in our study) than in macaques ( -80 spikes/s; Filion and Tremblay 199 1; DeLong et al. 1985) . The average firing frequency in STN is also lower in African green monkeys ( 18.8 spikes/s) compared with rhesus monkeys (24 spikes/s, DeLong et al. 1985 , but see also Matsumura et al. 1992) , with the relative frequency ratio between African green monkeys and macaques in STN ( 76%) being very close to the ratio in GPi (67%-78%). Another example of possible species differences is the duration of action potentials. The duration of the negative wave of the extracellularly recorded action potentials of GPi cells reported in the present study (290 ps) is somewhat greater than the previously reported duration in rhesus monkeys ( 175 ps; Mitchell et al. 1987) . However, absolute estimates of the duration of extracellularly recorded action potentials are highly dependent on the specifics of the recording method (e.g., filter settings), and therefore comparison between studies may not be valid.
Species differences become even more evident when the response of different monkey species to MPTP is compared. In our experience African green monkeys tend to develop more stable parkinsonian motor signs than MPTPtreated macaques (but see Taylor et al. 1990 ). The data presented here do not permit judgement of whether the degree of dopaminergic depletion achieved by MPTP treatment in the African green monkeys reported here and the macaques mentioned in the literature is comparable. Thus African green monkeys may simply be more susceptible to the effects of MPTP (Riachi and Harik 1992) , depriving them of any chance of recovery, even after doses that would allow recovery in other primates. However, it cannot be 0.5 mm 199 1). The present findings of a bimodal distribution of periodic oscillations in STN and in GPi of tremulous MPTP-treated African monkeys, with many neurons oscillating at the tremor frequency, represent an important electrophysiological difference between African green monkeys and macaques, suggesting that rhythmic discharge at 5 Hz of basal ganglia neurons in African green monkeys may be involved in the development of tremor in this species.
The histochemical analysis of the brains of macaques and African green monkeys after treatment with MPTP also reveals several important differences between these species. Previous anatomic and biochemical studies have demonstrated that the pallidum of macaques contains more monoamine oxidase activity than the pallidum of African green monkeys (Riachi and Harik 1992) and have suggested that the dopaminergic innervation to GPi in macaques is relatively spared after treatment with MPTP (Dacko et al. 1990; Parent et al. 1990 ; Schneider and Dacko 199 1)) contrasting with the finding in the present study that GPi was virtually devoid of dopamine after MPTP. The suspected loss of dopamine in GPi of the green monkeys may have particular importance for the development of tremor. GPi is also devoid of dopamine in human patients with parkinsonian tremor, and the degree of dopamine loss in GPi has been reported to correlate to the expression of tremor in humans (Bernheimer et al. 1973) . metabolic studies it seems most likely that the increased STN activity reflects a reduction of the inhibitory GPe output. The present study confirms earlier preliminary findruled out that MPTP has fundamentally different effects in ings in the macaque monkeys suggesting also that the firing different monkey species ( see also Kopin 1988 ) .
rates in STN of MPTP-treated rhesus monkeys are increased (Miller and DeLong 1987) , although the pre-and Parkinsonian tremor at low frequencies is not seen in most other primate species (rhesus monkeys: Burns et al. post-MPTP data in that study were not obtained in the 1983; squirrel monkeys: Langston et al. 1984; marmosets: same animals. Jenner et al. 1986 ; but see Degryse and Colpaert 1986; Go- In most respects MPTP-induced changes in firing of GPi mez- Mantilla et al. 1992) . Rhesus monkeys tend to de-neurons were very similar to the changes seen in STN, unvelop a high-frequency action tremor after MPTP treat-derscoring the close functional relationship between the ment, involving the trunk and proximal limbs. In contrast, two nuclei. The changes in average firing rates of GPi neurons in the pretorque periods of this study, however, were African green monkeys develop a stable low-frequency tremor quite similar to the tremor seen at rest in human less consistent than in previous reports (Filion and Trembpatients with MPTP-induced parkinsonism (Ballard et al. lay 199 1; Miller and DeLong 1987 ) . Conceivably these dif-1985) , with the notable difference that the distal extremiferences are related to significant changes of the arousal ties (wrist and fingers) are most involved in humans, level between the normal and the post-MPTP state. Arousal whereas more proximal parts of the limbs and the trunk are is known to have a powerful impact on average firing rates involved in the African green monkeys (Bergman et al. in GPi (DeLong 1969; Detari et al. 1987 ). This problem is 1990; Redmond et al. 1985) . MPTP-induced tremor ap-highlighted by the fact that the firing rates measured during pears therefore to be species dependent, although the exact periods of quiet wakefulness were consistently lower than reasons for these differences are unclear ( see also below). the average discharge rates calculated from spike trains durRhythmic bursting activity in the pallidum has been de-ing the control period of the torque application task during scribed in rhesus monkeys after treatment with MPTP. In which the animals were presumably more awake (not these monkeys, however, cells were found to discharge at shown). The discrepancies with the earlier studies could oscillation frequencies of 12-15 Hz (Filion and Tremblay also be due to species differences (see above) or to the con-199 1; Miller and DeLong 1987; Tremblay et al. 1989) dopaminergic input in the African green monkey than in 1985 ) . The severe reduction of pallidal dopamine may parmacaques (see below). Iontophoretic studies in the rat tially counteract the increase in discharge rates in GPi that showed that dopamine increases the firing rate of pallidal would result from loss of dopamine in the striatum. Cells in neurons (Bergstrom and Walters 1984; Nakanishi et al. STN and in GPi that discharged in rhythmic bursts consis-tently fired at increased average rates after treatment with MPTP. Discharges patterned in bursts may also elicit stronger postsynaptic effects than nonbursting neuronal discharge at the same firing frequency. Oscillatory cells in STN and GPi may have been particularly susceptible to the effects of MPTP and may have been important in the pathogenesis of parkinsonian motor signs.
The analysis of changes in the phasic responses of cells in STN and GPi to elbow torque application revealed an increase of neuronal responses to torque after MPTP treatment consistent with similar findings in GPe and GPi (Filion et al. 1988; Tremblay et al. 1989; W. C. Miller and M. R. DeLong, unpublished data) . Because only nonoscillatory cells could be included in our analysis, likely eliminating the most strongly affected STN and GPi cells, the results probably underestimate the actual increase in neuronal responsiveness. The increase in the magnitude of neuronal response to torque application, the proportion of cells with burst discharges, and the strength of these burst discharges may be due to decreased inhibition of STN from GPe, resulting in an apparent increase in "gain" after MPTP treatment. However, the increased responses may also reflect abnormally strong inputs to the striatum from motor and somatosensory cortical areas, reaching STN via the indirect pathway, or increased phasic input from the corticosubthalamic projection.
Evidence fir MPTP-induced changes in membrane properties of individual cells
Another important feature of the firing pattern observed after treatment with MPTP was the development of a strong rhythmicity of burst discharges in STN and GPi, often tightly linked to simultaneously recorded tremor. However, periodic oscillating neurons in STN and GPi were also demonstrated in the normal state (see also Aldridge and Gilman 199 1 ), in the absence of obvious tremor in the parkinsonian state, and (in GPi) after lesions of STN that ameliorated tremor (Bergman et al. 1990; Wichmann et al. 1994b ). This suggests that the rhythmicity of burst discharges in GPi is not simply due to rhythmic proprioceptive inputs propagated via elements of the motor circuit but may result from intrinsic membrane properties of cells in this structure. Spontaneous neuronal oscillations independent of rhythmically changing input have been demonstrated in several in vivo studies (Cordeau et al. 1960; Lamarre and Joffroy 1979) and in thalamic neurons of human parkinsonian patients ( Albe-Fessard et al. 1966; Ohye et al. 1974) . Our finding of a second family of oscillatory neurons discharging with dampened oscillations at higher frequency in STN and GPi resembles findings in in vitro studies where a bimodal distribution of oscillation frequencies (5-6 and 9-10 Hz) was found (inferior olive: Llinas and Yarom 198 la,b; thalamus: Jahnsen and Llinas 1984a,b) . Spontaneous oscillations of the firing pattern of pallidal cells at frequencies of 4-6 Hz has also been demonstrated in slices of the guinea pig pallidum (Nambu and Llinas 1990), whereas 1 O-Hz oscillations were found in earlier studies in a slice preparation of the rat pallidum (Nakanishi et al. 1985) . The prolongation of the duration of action potentials recorded in STN and in GPi after the MPTP treatment is further evidence for the fact that the membrane properties of these cells are altered by treatment with MPTP. The duration of extracellularly recorded spikes is identical to that of intracellularly recorded action potentials (Terzuolo and Araki 196 1). Changes in the duration of the extracellularly recorded spikes, therefore, most likely reflect changes in the duration of action potentials of the recorded neurons, which are largely dependent on membrane properties of individual neurons.
Oscillatory bursting in STN and in GPi of our animals may have been secondary to tonic disinhibition of both structures from GPe after loss of dopamine in the striatum (see above) or to a direct dopaminergic denervation of STN or GPi. As for the prolongation of the action potential duration, it has previously been shown that activation of dopamine receptors may lead to an increase of the potassium conductance (Drukarch et al. 1990; Einhorn and Oxford 1993; Roeper et al. 1990; Vallar and Meldolesi 1989) , suggesting that MPTP-induced loss of dopamine in STN and in GPi may conversely slow down the repolarization process, resulting in prolonged action potentials. The hypothesis that loss of dopamine in extrastriatal basal ganglia structures may contribute to the development of parkinsonian tremor hinges on the presence of dopamine in these structures under normal conditions and on the vulnerability of this dopaminergic innervation to MPTP treatment. Several studies have demonstrated a significant dopaminergic innervation of GPi Parent and Smith 1987) , whereas the existence of a dopaminergic innervation of STN in primates is still debated. Dopaminergic innervation of STN has been demonstrated in rats (Brown et al. 1979; Campbell et al. 1985) cats (Meibach and Katzman 1979; Rinvik et al. 1979) , and cynomolgus monkeys (Rinvik et al. 1979 ) but was not detected in STN of squirrel monkeys ). The histologic analysis of our monkeys revealed that there was very little dopamine remaining in STN and GPi after the MPTP treatment; however, baseline data concerning the presence of dopamine under untreated conditions are obviously lacking (see also Riachi and Harik 1992) .
Consequences of altered basal ganglia output
On the basis of the evidence cited above, changes in tonic basal ganglia output may lead to inhibition in VL. Increased overall inhibition of thalamocortical neurons may result in a lower degree of activation of precentral motor areas during attempted movements. In addition, increased output from the basal ganglia-thalamocortical circuitry in response to proprioceptive inputs may inappropriately signal excessive movement or velocity to precentral motor areas, leading to a slowing or premature arrest of ongoing movements, clinically described as bradykinesia and akinesia. The abnormal phasic responses within the basal ganglia (Filion et al. 1988; Miller and DeLong 1987) may be responsible for the increase of long-latency reflexes that has been described in humans (Tatton and Lee 1975 ) .
Previous models of tremor have placed the origin of the rhythmic neuronal activity outside the basal ganglia, e.g., in the inferior olive or thalamocortical circuits. These schemes are based on previous experimental models of tremor in . Pulses of elbow torque (0.1 Nm, 60 ms) were randomly (time and direction) applied to the monkey's elbow. A : response magnitudes, calculated as the difference between average firing rate during the response epoch and the mean of the discharge rate at the pretrial epoch. B: duration (milliseconds) of neuronal response. C: total response (spikes) calculated by the multiplication of the response duration and magnitude. D: relative neuronal response. The normal total response for each state is taken as 100%. Bars: averaged values. Superimposed lines: means k SE. Asterisk: significant (P < 0.0 1,2-tailed t test) difference between the post-and pre-MPTP values. Filled bars: responses to extension torques with increases in discharge rate (n = 18 responses before and n = 11 responses after MPTP treatment). Open bars: responses to extension torques with decreases in discharge rate (~1 = 5 responses before and n = 1 response after MPTP treatment). Leftward-striped bars: responses to flexion torque with increases in discharge rate (n = 16 responses before and n = 11 responses after MPTP treatment). Rightward-striped bars: responses to flexion torque with decreases in discharge rates (n = 5 responses before and n = 4 responses after MPTP treatment).
animals, which most often used a combination of lesions charge that was related to tremor was found in the inferior (e.g., of the midbrain tegmentum) and tremorogenic drugs olive and in the thalamus ( DeMontigny and Lamarre 1973; (Harmaline) .
In these animals oscillatory neuronal dis- Deschenes et al. 1984; Llinas and Volkind 1973) . Tremor-related oscillatory activity changes were also detected in the thalamus of human parkinsonian patients (Lenz et al. 1988; Ohye et al. 1974 Ohye et al. , 1989 . Our finding of low-frequency periodic bursts in the basal ganglia, highly correlated with tremor, makes it possible that the basal ganglia are more directly involved in the generation of tremor than previously thought. Conceivably oscillatory basal ganglia output may drive oscillatory activity in neurons in VL that are already more prone to develop rhythmic bursts because their membrane potential is lowered by the overall increased inhibition by GPi output under parkinsonian conditions. In view of these findings a thalamic filter mechanism (Pare et al. 1990 ) that translates the high-frequency oscillations found in the basal ganglia of macaques (Filion et al. 1988; Miller and DeLong 1987) into low-frequency clinical tremor is unnecessary. Rather, all parkinsonian signs may arise from a single pathophysiological defect, the reduced dopaminergic innervation and the resulting tonic and phasic changes of neuronal discharge in the basal ganglia.
tector and sorter: implementation and evaluation. J. Neurosci. Methods 41: 187-197, 1992 . 
